Abstract. MicroRNAs (miRs), a class of non-coding RNAs 18-25 nucleotides in length, generally serve suppressive role in the regulation of gene expression via directly binding to the 3'-untranslated region (UTR) of their target mRNA. Previous studies have identified several miRs to be involved in thermal injury repair. However, the role of miR let-7b during the recovery of thermal injury, in addition to the underlying mechanisms, has not previously been studied. In the present study, the expression of let-7b was observed to be significantly increased in skin tissue shortly following thermal injury, however, gradually reduced during the recovery of thermal injury. Notably, similar findings were observed in heat-denatured skin fibroblasts. Furthermore, collagen, type I, alpha 1 (COL1A1) and collagen, type I, alpha 2 (COL1A2), which are associated with the synthesis of type I collagen, were identified as two targets of let-7b in skin fibroblasts. The overexpression of let-7b was observed to upregulate the protein expression levels of COL1A1 and COL1A2, while knockdown of let-7b reduced the levels of COL1A1 and COL1A2 in skin fibroblasts. Furthermore, COL1A1 and COL1A2 were significantly downregulated shortly following thermal injury, while gradually upregulated during healing, in heat-damaged skin tissue and skin fibroblasts, with the expression profiles opposite to that of let-7b. Taken together, this suggests that the downregulation of let-7b in heat-damaged dermis promotes the synthesis of type I collagen and thus aids in burn wound repair.
Introduction
As the largest organ in adult humans, skin has a variety of biological functions, including UV protection, regulation of water loss, pigmentation, barrier defense, thermoregulation and the sensation of touch and pain (1) . Acute wounds in the skin as a result of burns or scalds are serious. Wound healing is a basic biological process that restores the integrity of the skin (2, 3) . It has been well established that type I collagen serves a key role in the skin during the wound healing (4) . However, the underling regulatory mechanisms of type I collagen in the skin following heat injury remain unclear.
MicroRNAs (miRs) are a class of non-coding RNA molecules 18-25 nucleotides in length, which are able to directly bind to the 3'-untranslated region (UTR) of their target mRNA, resulting in mRNA degradation or the inhibition of protein translation (5) . It has been demonstrated that miRs participate in the regulation of various biological processes via the inhibition of the expression of their target protein (1, 6) . In addition, miRs have been observed to act as important regulators in skin morphogenesis, wound healing and regeneration by controlling the proliferation, differentiation and apoptosis of skin cells (7) (8) (9) (10) . Yi et al (11) suggested that skin morphogenesis is governed by discrete sets of differentially expressed miRs. Li et al (12) reported that miR-31 promoted skin wound healing by enhancing keratinocyte proliferation and migration via directly targeting epithelial membrane protein 1. In addition, Liang et al (13) compared the expression profiles of miRs between the denatured dermis following burn injury and the paired normal skin. They identified 66 differentially expressed miRs, among which 32 were upregulated and 34 were downregulated in denatured dermis following burn injury when compared with the paired normal skin. miR let-7b has been reported to serve a protective role in cell injury (14) . Bao et al (14) observed that let-7b protected against oxidized low-density lipoprotein-induced endothelial cell injuries. Additionally, let-7b has been implicated in the regulation of inflammatory cytokine production (15) . However, the role of let-7b in the healing of burn injuries, in addition to the underlying mechanisms, has not previously, to the best of our knowledge, been studied. In the present study, the aim was to determine the expression profile of let-7b in skin tissue and fibroblasts following heat injury. In addition, the regulatory effects of let-7b on the expression of collagen-related proteins in skin fibroblasts was investigated, in order to reveal the role of let-7b in heat injury repair. Rat model of thermal injury. The present study was approved by the ethics committee of Third Xingya Hospital of Central South University (Changsha, China) and the procedures in the current study were in compliance with the Guide for the Care and Use of Laboratory Animals of Central South University. Male Sprague-Dawley rats (n=50; age, 6 months; weight, 220-250 g) were purchased from the Shanghai Laboratory Animal Center (Shanghai, China), and housed in separate cages in a temperature-controlled room at 22-25˚C with a 12/12 h light-dark cycle and free access to sterile water and food. Prior to heat injury, the rats were anesthetized by intraperitoneal injection of 0.7 ml/100 g chloral hydrate (Yulonghaizao Co., Qingdao, China). A protective template was placed on the rats backs. When performing the heat injury, the shaved skin (4.5 cm 2 ) was immersed in 90˚C water for 15 sec, which is similar to previously described investigations (16) . The rats in the control group were exposed to room temperature water. At 48 h following injury, the rats in the two groups were intraperitoneally injected with lactated Ringer's solution (40 ml/kg). The heat-damaged skin tissue was isolated on day 1, 3, 5, 7 and 14 following injury.
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Materials and methods
Reagents
Cell culture. The BJ human skin fibroblast cell line was purchased from the Cell Bank of Central South University (Changsha, China), and cultured in DMEM supplemented with 10% FBS at 37˚C in a humidified incubator containing 5% CO 2 .
Skin fibroblast model of heat injury. The BJ human skin fibroblast cell line was used for to generate a skin fibroblast model of heat injury. In brief, BJ cells were digested using 0.5% trypsin (Thermo Fisher Scientific, Inc.) and resuspended in DMEM with 10% FBS. The cell suspension was then incubated in 52˚C water for 30 sec, and cultured at 37˚C in a humidified incubator containing 5% CO 2 . In the control group, the cell suspension was incubated in 37˚C water for 30 sec.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR). Total RNA was extracted from tissues or cells using TRIzol reagent following the manufacturer's instructions. For miR expression detection, a TaqMan MicroRNA Reverse Transcription kit was used to convert RNA into cDNA, according to the manufacturer's instructions. The miRNA level was then determined by qPCR using the TaqMan MicroRNA Assays kit and a ABI Prism 7500 Sequence Detection System (Applied Biosystems; Thermo Fisher Scientific, Inc.). U6 was used as an endogenous reference for let-7b. The data were analyzed with SDS Relative Quantification software, version 2.2.2 (Thermo Fisher Scientific, Inc.). The qPCR conditions were 50˚C for 2 min, 95˚C for 10 min, followed by 40 cycles of denaturation at 95˚C for 15 sec with an annealing/elongation step at 60˚C for 60 sec. The relative expression was analyzed by the 2 -ΔΔCq method (17) .
Hematoxylin and eosin (HE) staining. Skin tissue was fixed in 4% formaldehyde in phosphate buffer overnight at room temperature, and then bisected in the sagittal plane through the center and embedded in paraffin. Subsequently, serial sections (16 mm in thickness) were cut on a cryostat and mounted onto coated glass slides. HE staining was performed to evaluate structural features and cellular morphology.
Transfection. Lipofectamine 2000 was used for transfection according to the manufacturer's instruction. Briefly, cells were cultured to 70% confluence, and resuspended in serum-free medium. Let-7b mimics (Amspring Co., Changsha, China), let-7b inhibitor (Amspring Co.) and Lipofectamine 2000 were diluted with serum-free medium. The diluted Lipofectamine 2000 was added into the diluted let-7b mimics or let-7b inhibitor, and incubated for 20 min at room temperature, and then added into the cell suspension. Following incubation at 37˚C, 5% CO 2 for 6 h, the transfection medium was replaced by DMEM supplemented with 10% FBS.
Dual luciferase reporter assay. Mutant versions of the 3'-UTRs of COL1A1 and COL1A2 were generated using the Quick-Change Site-Directed Mutagenesis kit, according to the manufacturer's instructions. The wild type 3'-UTRs of COL1A1 and COL1A2, and the mutant 3'-UTRs of COL1A1 and COL1A2 were inserted into the psiCHECK™2 vector, generating psiCHECK™2-COL1A1, psiCHECK™2-COL1A2, psiCHECK™2-mut COL1A1 and psiCHECK™2-mut COL1A2 vectors. Once BJ cells were cultured to ~60% confluence in a 24-well plate, Cellfectin II Reagent was used to transfect BJ cells with the psiCHECK™2-COL1A1, psiCHECK™2-COL1A2, psiCHECK™2-mut COL1A1 or psiCHECK™2-mut COL1A2 vectors, with or without 100 nM let-7b mimics. The dual luciferase activities were examined 48 h following transfection using a LD400 luminometer (Beckman Coulter, Brea, CA, USA). The Renilla luciferase activity was normalized to firefly luciferase activity.
Western blotting. Cells were solubilized in cold radioimmunoprecipitation assay lysis buffer. The protein concentration was determined using the Pierce BCA Protein assay kit (Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. Subsequently, proteins (20 µg per lane) were separated on a 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis gel (Thermo Fisher Scientific, Inc.), and then transferred to nitrocellulose membranes (Thermo Fisher Scientific, Inc.). Membranes for each antibody were blocked in 5% nonfat dried milk in phosphate-buffered saline-0.5% Tween 20 for 3 h and then incubated overnight at room temperature with monoclonal mouse anti-COL1A1 (1:100), monoclonal mouse anti-COL1A2 (1:100) and monoclonal mouse anti-GAPDH (1:400) antibodies. Following two 5 min washes, the membranes were incubated with rabbit anti-mouse IgG antibodies (1:20,000) for 40 min at room temperature. Subsequently, the immune complexes were detected using an ECL kit. The membrane was scanned for the relative value of protein expression using Image-Pro Plus software, version 6.0 (Media Cybernetics, Inc., Rockville, MS, USA). The relative expression levels of protein were presented as the density ratio vs. GAPDH.
Statistical analysis. Data were expressed as the mean ± standard deviation of three independent experiments and analyzed using SPSS software, version 17.0 (SPSS, Inc., Chicago, IL, USA). The differences between groups were determined using the one-way analysis of variance. * P<0.05 was considered to indicate a statistically significant difference.
Results
Expression profile of let-7b in denatured skin tissues following heat injury.
Following the generation of a rat model of thermal injury, HE staining was performed to observe the alterations in the heat-damaged skin tissues isolated at day 1, 3, 5 and 7 after thermal injury. Shortly following the heat injury, a layer of white dermis with a small amount of tiny scattered points of bleeding was observed. Over the course of time, the heat injury gradually recovered (Fig. 1A) . RT-qPCR was conducted to investigate the expression profile of let-7b in the heat-damaged dermis of the rats. As presented in Fig. 1B , the expression levels of let-7b was significantly increased at day 1 after thermal injury, compared with the control group. However, its expression level was gradually downregulated, and at day 5 and 7 following heat injury, the let-7b levels in heat-damaged skin tissue was significantly reduced compared with the control group.
Expression profile of let-7b in skin fibroblasts following heat injury. The expression profile of let-7b in skin fibroblasts at 30 min, 3, 6 and 12 h following thermal injury was investigated. As shown in Fig. 2 , the expression level of let-7b was increased shortly after the thermal injury, compared with the control group. However, following this the expression levels of let-7b were gradually reduced, and at 6 and 12 h after heat injury, the let-7b levels were significantly lower compared with the control group.
COL1A1 and COL1A2 were identified as direct targets of let-7b in BJ cells. The targets of let-7b involved in the synthesis of collagens that serve key roles in recovery of heat injury in skin tissue were subsequently investigated. Bioinformatic predictions indicated that COL1A1 and COL1A2 were two putative target genes of let-7b, with these both encoding pro-proteins of type I collagen. Therefore, the present study 
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sought to clarify whether COL1A1 and COL1A2 were target genes of let-7b in fibroblasts. Firstly, the wild and mutant types of the COL1A1 and COL1A2 3'-UTRs were generated, with or without the putative binding sequences of let-7b, generating psiCHECK™2-COL1A1, psiCHECK™2-COL1A2, psiCHECK™2-mut COL1A1 and psiCHECK™2-mut COL1A2 vectors (Fig. 3A and B) . Subsequently, a luciferase reporter assay was conducted. As shown in Fig. 3C , the luciferase activity was significantly reduced in BJ cells co-transfected with the psiCHECK™2-COL1A1 vector and let-7b mimics, however, showed no difference in the cells co-transfected with psiCHECK™2-mut COL1A1 vector and let-7b mimics, compared with the control group. Additionally, the luciferase activity was observed to be significantly reduced in BJ cells co-transfected with the psiCHECK™2-COL1A2 vector and let-7b mimics, however, showed no difference in the cells co-transfected with psiCHECK™2-mut COL1A2 vector and let-7b mimics, compared with the control group (Fig. 3D) . These data indicate that COL1A1 and COL1A2 are target genes of let-7b in BJ cells.
Let-7b negatively mediates the protein levels of COL1A1 and COL1A2 in fibroblasts.
As miRs generally negatively mediate the expression of their target genes at the post-transcriptional level (18) , the effects of let-7b overexpression or knockdown on the protein level of COL1A1 and COL1A2 were investigated in fibroblasts. BJ cells were transfected with a let-7 mimic or let-7 inhibitor. Following transfection, RT-qPCR was conducted to determine the levels of let-7b in each group. As shown in Fig. 4A , transfection with the let-7b mimics led to a significant increase in let-7b expression, while transfection with the let-7b inhibitor significantly reduced the let-7b level in BJ cells. Subsequently, western blotting was conducted to determine the protein levels of COL1A1 and COL1A2 in each group. This indicated that overexpression of let-7b significantly reduced the protein levels of COL1A1 and COL1A2, while let-7b knockdown led to upregulation of COL1A1 and COL1A2 expression (Fig. 4B) .
Expression prof iles of COL1A1 and COL1A 2 in heat-damaged skin tissues following thermal injury.
The expression profiles of COL1A1 and COL1A2 were further investigated in denatured skin tissues from rats following heat injury. As shown in Fig. 5 , the protein levels of COL1A1 and COL1A2 were notably downregulated shortly after thermal injury however, were subsequently gradually upregulated, compared with the control group. These data suggest that the alterations in the expression profiles of COL1A1 and COL1A2 in heat-damaged skin tissues were opposite to that of let-7b.
Expression profiles of COL1A1 and COL1A2 in skin fibroblasts following thermal injury. The expression profiles of COL1A1 and COL1A2 in BJ skin fibroblasts cells were further investigated after heat injury. Similar to the observations in denatured skin tissues following heat injury, the protein levels of COL1A1 and COL1A2 were significantly reduced shortly after thermal injury compared with the control group (Fig. 6) . However, their expression levels were gradually upregulated as time progressed (Fig. 6 ). These data suggest that the expression profiles of COL1A1 and COL1A2 were the opposite to that of let-7b in BJ kin fibroblasts cells.
Discussion
To the best of our knowledge, the present study, is the first demonstration of the role of let-7b in skin tissue during the healing of heat injury. These data indicated that let-7b was significantly upregulated in the skin tissue shortly following thermal injury, however, was gradually downregulated during the recovery from heat injury, with similar observations in heat-denatured skin fibroblasts. In addition, COL1A1 and COL1A2 demonstrated to be direct target genes of let-7b, and let-7b negatively regulated the protein expression of COL1A1 and COL1A2 in skin fibroblasts. Furthermore, COL1A1 and COL1A2 were significantly downregulated shortly following thermal injury, while gradually upregulated during the recovery from heat injury, in heat-damaged skin tissue and skin fibroblasts, the expression profiles of which were opposite to that of let-7b.
It has been suggested that miRs are involved in wound healing of the skin (11). For instance, Yi et al (11) suggested that discrete sets of differentially expressed miRs act as key regulator in the morphogenesis in skin. Cheng et al (19) performed genome-wide miR profiling to identify the differentially expressed miRs between mid-gestational and late-gestational mouse skin, corresponding to scarless and scarring phenotypes, respectively. In addition, they predicated putative targets of differentially expressed miRs including Smads, β-catenin and Ras, which are associated with several signaling pathways important for scarless wound healing, suggesting that miRs may contribute to the phenotypic transition from scarless to scarring repair during skin development (19) .
Recently, Li et al (20) compared the expression profiles of miRs from hypertrophic scars and normal skin areas in patients who suffered acute injuries in the skin, and identified 18 differentially expressed miRs including miR-149, miR-203a, miR-222 and miR-122. The target genes of these four miRs participate in the regulation of various biological functions including cell proliferation, apoptosis and focal adhesion, and are involved in multiple signaling pathways such as mitogen-activated protein kinase and Wnt (20) . In addition, several miRs exhibited differential expression in patients who suffered acute injuries in the skin (20) . The present study used a rat model of thermal injury and determined the expression profile of let-7b in the denatured dermis at different time points following thermal injury. This demonstrated that let-7b was rapidly upregulated shortly following heat injury, however, was gradually downregulated after this point. Notably, the expression levels of let-7b were significantly lower in the heat-damaged skin tissue compared with the control group in the later phase of the wound healing. Consistent with this, Liang et al (13) reported that at day 4 following a burn injury, let-7b was significantly downregulated in the denatured dermis tissue compared with the normal skin tissue. In addition, the current study showed similar expression profiles of let-7b in skin fibroblasts following heat injury (13) . Based on these findings and those of the present study, we suggest that downregulation of let-7b may serve a role in the regulation of heat wound healing in skin.
The underlying mechanisms were investigated, focusing on the target genes of let-7b associated with skin tissue remodeling, such as collagen synthesis. The data indicated that COL1A1 and COL1A2 were direct targets of let-7b, and that let-7b negatively regulated the expression levels of COL1A1 and COL1A2 in skin fibroblasts. The COL1A1 gene encodes the pro-alpha 1 chain of type I collagen, while COL1A2 encodes the pro-alpha 2 chain of type I collagen (21) . Two pro-alpha 1 chains and one pro-alpha 2 chain are assembled to form the triple helix construction of type I collagen (22) . A previous study observed that improvements in type I collagen synthesis is important for angiogenesis in addition to wound healing (23) . Type I collagen is a fibril-forming collagen, found in the majority of connective tissues and abundant in bone, cornea, dermis and tendon (24) . In the present study, the expression profiles of COL1A1 and COL1A2 were observed to be rapidly downregulated then gradually upregulated in heat-damaged skin tissues and human fibroblasts following heat injury, which is opposite to the expression profile of let-7b. Therefore, this suggests that let-7b was involved in the healing of heat wounds in skin by mediating the synthesis of type I collagen.
Additional miRs have been demonstrated to serve important roles in wound healing in the skin (25) . For example, the expression levels of miR-23a, miR-27a and miR-27b were observed to be significantly reduced in burned skin tissues compared with normal skin tissues (25) . Furthermore, miR-27b in burn wound margins was observed to inhibit the mobilization of mesenchymal stem cells to the epidermis following heat injury, potentially via targeting stromal cell-derived factor-1α (25) . In addition, Wang et al (26) reported that the expression of miR-21 was notably increased following skin injury, mainly in activated and migrating epithelial cells of epidermis and mesenchymal cells of dermis. They injected a miR-21 antagonist into the wound edge and observed a significant delay in wound closure with impaired collagen deposition (26) .
To the best of our knowledge, this is the first study reporting that let-7b is associated with the healing of heat wounds in skin. The underlying mechanism may involve a regulatory effect of let-7b on the protein expression of COL1A1 and COL1A2, which are the precursors of type I collagen.
